Abstract. This antitumor effect of sorafenib is considered to be dependent not only on its direct cytotoxicity to cancer cells but also due to the inhibition of myeloid-derived suppressor cells (MDSCs). Recently, a novel antibody against cytotoxic T-lymphocyte antigen 4 (CTLA-4), which activates lymphocytes, is currently in clinical applications. The aim of the present study was to investigate the synergistic antitumor effects of anti-CTLA-4 antibody (Ab) and sorafenib in a murine cancer model. RENCA cells were subcutaneously inoculated into mice, which were randomly divided into 4 treatment groups: sorafenib plus anti-CTLA-4 Ab, sorafenib plus control Ab, vehicle plus anti-CTLA-4 Ab, and vehicle plus control Ab. Single therapy using anti-CTLA-4 Ab suppressed tumor growth, but no difference was noted when compared with the single therapy group using sorafenib. Notably, the greatest decrease in tumor size was noted with sorafenib plus anti-CTLA-4 Ab (combination therapy), and the highest rate of tumor rejection was observed in the combination therapy group. The number of infiltrating CD4-or CD8-positive lymphocytes was strongly increased in the combination therapy group. These in vivo data indicate that sorafenib increased the immunostimulatory effect of anti-CTLA-4 Ab even when sorafenib was used at a low dose. An in vitro study using MDSCs and CD8 + T cells showed that the inhibitory effect of MDSCs on CD8 + T cells was significantly abrogated by the combined use of sorafenib and anti-CTLA-4 Ab. Sorafenib suppressed the expression of immunosuppressive factors in MDSCs. These data indicate that combination therapy of sorafenib and anti-CTLA-4 Ab may be effective in advanced kidney cancer patients.
Introduction
Renal cell carcinoma (RCC) is a malignant tumor that is resistant to chemotherapy and radiotherapy (1, 2) . Since no standard biomarkers exist to diagnose kidney cancer, 30% of kidney cancer patients present with metastatic lesions (1, 2) . Until recently, effective treatment for metastatic kidney cancer was cytokine-based immunotherapy with interferon-α or interleukin-2, which produce a response rate of only 10-15% (3) .
Sorafenib is a small-molecule tyrosine kinase inhibitor (TKI) for advanced RCC. According to a Japanese survey, the sorafenib response rate and stable disease rate were 21.8-24.0 and 59.9-75.9%, respectively, and the median progression-free survival was 16.4-37.2 weeks in the sorafenib group (4) (5) (6) . Although sorafenib has antitumor activities in patients with advanced RCC, this is not curative therapy.
Recently, the beneficial effects of novel immunotherapy using a humanized antibody to cytotoxic T-lymphocyte antigen 4 (CTLA-4, CD152) were reported in patients with malignant melanoma (7, 8) . CTLA-4 is an inducible receptor expressed by T cells that ligates the B7 family of molecules (primarily CD80 and CD86) on antigen-presenting cells (9, 10) . CTLA-4 activation suppresses proliferation and function of T-lymphocytes, and an antibody to CTLA-4 abrogates the CTLA-4 signaling pathway. Although objective responses were observed in some patients with ovarian, prostate and kidney cancer, the effect of CTLA-4 antibody has not translated into improved overall long-term survival (11) (12) (13) (14) .
In many cancer patients, immunosuppression is a major problem for anticancer therapy, and recent studies have indicated that immature myeloid cells or myeloidderived suppressor cells (MDSCs) are associated with immunosuppression in patients with several types of (15, 16) . MDSCs assemble in spleen, bone marrow, and tumor tissues in some murine cancer models. In humans, MDSCs circulate in peripheral blood and are occasionally detected in the tumor microenvironment (17) . Immunosuppressive mediators expressed in MDSCs include prostaglandin E2, transforming growth factor-β (TGF-β), IL-10, indoleamine 2,3-dioxgenase (IDO), nitric oxide synthase 2 (NOS2), and arginase 1 (Arg1) (18, 19) . Significant reduction in tumor growth was found to be induced by MDSC depletion or inactivation in a murine cancer model (20) (21) (22) .
Recent findings revealed that sorafenib abrogates the suppressive functions of MDSCs (23) . Since MDSCs are considered to limit the efficiency of immunotherapy using anti-CTLA-4 antibody (Ab), we hypothesized that sorafenib may enhance the anticancer effects of anti-CTLA-4 Ab, and thus, in the present study, we tested whether combination therapy is effective in a murine kidney cancer model.
Materials and methods
Murine cancer model. Animal care protocol and experiments were approved by the Animal Committee at Kumamoto University. RENCA cells (1x10 6 ), a murine kidney cancer cell line, were subcutaneously inoculated into shaved lateral flanks of 6-8-week-old female BALB/c mice (24) . Seven days later, the mice were randomly divided into 4 groups: i) sorafenib (LC Laboratories, woburn, MA, USA) plus rat antimouse CTLA-4 antibody (UC10-4F10-11; ATCC, Manassas, VA, USA); ii) sorafenib plus control rat immunoglobulin (Santa Cruz Biotechnology, Santa Cruz, CA, USA); iii) vehicle plus anti-CTLA-4 Ab; and iv) vehicle plus control rat immunoglobulin. Sorafenib (10 mg/kg) or vehicle (0.5% methylcellulose) was administered orally once daily for 18 days, and anti-CTLA-4 Ab (100 g/mouse) was administered intraperitoneally every 4 days (Fig. 1A) .
Histological analysis and immunostaining. For immunostaining of Ki-67 or proliferating cell nuclear antigen (PCNA), anti-Ki-67 and anti-PCNA antibodies (Dako, Glostrup, Denmark) were used as primary antibodies. For immunostaining of CD4 and CD8, subcutaneous tumor tissues were embedded in OCT compound (Sakura Finetech, Tokyo, Japan), and sections (5-µm) that were fixed with cold acetone were treated with the following primary antibodies: anti-CD4 (GK1.5) and anti-CD8 (53-6.72) (both from ATCC). The sections were subsequently treated with hRP-conjugated secondary antibody (Nichirei, Tokyo, Japan). Reactions were visualized with diaminobenzidine (Nichirei). Two investigators who were blinded to any information concerning the samples evaluated infiltration of CD4 + , CD8 + , Ki-67 + and PCNA + cells and the results were averaged as described previously (25) .
Lymphocyte proliferation assay. To purify CD8
+ T cells, erythrocyte-depleted splenocytes from naïve BALB/c mice were incubated with anti-CD8 microbeads and passed over a column according to the manufacturer's instructions (Miltenyi Biotec, Bergisch Gladbach, Germany). To purify MDSCs, single-cell suspensions from the spleen of tumor-bearing mice were incubated with anti-Gr-1-biotin Abs, followed by a positive magnetic selection using anti-biotin microbeads according to the manufacturer's instructions (Miltenyi Biotec). The purity of the MDSC population was higher than 90%. Purified CD8 + T cells (5x10 4 /well) from the spleens were cultured in 96-well flat-bottom plates coated with anti-CD3 and anti-CD28 antibodies (both from BioLegends, San Diego, CA, USA). Purified MDSCs (2x10 5 /well) were added to T cell-cultured plates. MDSCs and T cells were co-cultured for 72 h in RPMI-1640 supplemented with 8% fetal bovine serum (Invitrogen, Tokyo, Japan). Quantitative real-time PCR. MDSCs were isolated from the tumor-bearing mice, and then cultured with or without sorafenib (0.125 and 0.5 µM) for 24 h. Total RNA was extracted with an RNA STAT-60 extraction kit (Tel-Test, Inc., Friendswood, TX, USA). RNA was reverse transcribed using an ExScript RT reagent kit (Takara Bio, Inc., Ohtsu, Japan). Q-PCR was performed using TaqMan polymerase, and SYBR-Green fluorescence (both from Takara Bio, Inc.) was detected with an ABI PRISM 7300 sequence detector (Applied Biosystems, Foster City, CA, USA). Primers are listed in Table I .
Statistical analysis. Statistical analysis was carried out using StatMate III software (Atoms, Tokyo, Japan). Statistical significance was determined with a Student's t-test or ANOVA test, and P<0.05 was considered to be statistically significant.
Results
Combination therapy in the RENCA tumor model. We first evaluated the in vivo antitumor efficacy of anti-CTLA-4 Ab combined with sorafenib in a subcutaneous tumor implantation model using RENCA cells. Although the standard protocol for sorafenib treatment in this murine tumor model is 10-50 mg/ kg once a day following tumor cell implantation, the amount of sorafenib administered in the present study was set lower (10 mg/kg, from 7 to 18 day) to minimize the direct effect of sorafenib on tumor cells. The experimental procedures are shown in Fig. 1A . Although tumor growth in the mice treated with single therapy using sorafenib was slightly suppressed, the difference was not statistically significant when compared to the control group (Fig. 1B and 1C ). Since tumor growth was significantly inhibited by single therapy using anti-CTLA-4 Ab, no significant differences in tumor size were observed between single therapy using anti-CTLA-4 Ab and the combination therapy (Fig. 1C) . however, the rate of tumor rejection was highest in the mice treated with the combination therapy (Fig. 1D ).
Histological analysis of tumor samples.
Immunostaining for PCNA and Ki-67 was performed to evaluate tumor cell proliferation in non-necrotic areas. The percentage of PCNA + tumor cells was decreased with single therapy using anti-CTLA-4 Ab and the combination therapy (Fig. 2) . The percentage of Ki-67 + tumor cells was significantly decreased with combination therapy, but no significant change in the percentage of Ki-67 + tumor cells was noted in the mice treated with single therapy (Fig. 2) .
Lymphocyte infiltration into the tumor samples. Next, we investigated lymphocyte infiltration into the tumor tissues to evaluate the antitumor immune response. Increased numbers of CD4 + lymphocytes were detected in the mice treated with either single or combination therapy, and importantly, the greatest increase in infiltrated CD4 + lymphocytes was detected in the mice treated with the combination therapy (Fig. 3) . Increased numbers of CD8 + lymphocytes were detected in the mice treated with anti-CTLA-4 Ab alone or with the combination therapy. however, the greatest increase in the number of infiltrating CD8 + lymphocytes was detected in the mice treated with the combination therapy. Furthermore, the addition of anti-CTLA-4 Ab to sorafenib significantly increased both CD4 + and CD8 + lymphocytes compared with sorafenib alone (Fig. 3) . Although there was no statistically significant difference in the numbers of infiltrating lymphocytes between single therapy using anti-CTLA-4 Ab and the combination therapy, the numbers of infiltrating lymphocytes had a tendency to be highest in mice treated with the combination therapy. 
The in vitro effect of sorafenib and anti-CTLA-4 Ab on cell-cell interactions between MDSCs and lymphocytes.
To investigate whether MDSCs are involved in immune activation due to treatment with sorafenib and anti-CTLA-4 Ab, in vitro analysis was performed using MDSCs isolated from tumor-bearing mice and CD8 + T cells isolated from naïve mice (Fig. 4A ). As shown in Fig. 4B , proliferation of CD8 + T cells in the absence of MDSCs was not altered by sorafenib and anti-CTLA-4 Ab. Proliferation of CD8 + T cells was significantly suppressed by co-culture with MDSCs as expected, and notably, the suppressive effect of MDSCs on CD8 + T cells was significantly reversed by the combined use of sorafenib and anti-CTLA-4 Ab (Fig. 4B) . No significant reversal in the immunosuppressive effect of MDSCs was induced with single use of either sorafenib or anti-CTLA-4 Ab (Fig. 4B ). Next, we tested whether sorafenib suppressed mRNA expression of immunosuppression-related molecules in MDSCs derived from tumor-bearing mice. Real-time PCR analysis showed that mRNA expression of Arg1, TGF-β, cyclooxygenase 2 (COX2), IL-10, IDO1, IDO2, and NOS2 in MDSCs was significantly inhibited by sorafenib (Fig. 4C) .
Discussion
In the present study, we demonstrated that sorafenib enhanced the efficacy of anti-CTLA-4 Ab. The significantly increased number of lymphocytes in tumor tissues induced by the combination therapy indicates that this synergistic effect was mediated by activation of the antitumor immune system (Fig. 5) . Although single therapy using low-dose sorafenib increased the number of infiltrating lymphocytes and appeared to activate the antitumor immune system, the antitumor effect of low-dose sorafenib in our in vivo cancer model was not statistically significant in the present study (Fig. 1) . Increased efficiency of combination therapy is expected if an increased amount of sorafenib is used in this murine cancer model.
Not only sorafenib but also sunitinib are now widely used as TKIs for the treatment of advanced kidney cancer (26) . Both compounds have similar inhibitory effects on kinase receptors such as c-kit, vascular endothelial growth factor receptor (VEGFR), and platelet-derived growth factor receptor (PDGFR). In addition to the direct antitumor effects of both compounds, they also both inhibit the immunosuppressive function of MDSCs (26) . Since both compounds have similar inhibitory effects on kinase receptors such as c-kit, VEGFR, and PDGFR (26, 27) , we used sorafenib in the present study. Further studies are necessary to determine which compound has a stronger influence on MDSCs and shows more synergistic effects with combination therapy.
Currently, much attention is being paid to immune checkpoint blockade using anti-CTLA-4 Ab or anti-programmed death 1 (PD1) Ab (7, 28) . Ipilimumab, a human IgG1 mAb that blocks CTLA-4, improves overall survival in patients with advanced melanoma (7, 29) . Nivolumab, a human IgG4 mAb that blocks the PD1 receptor, demonstrates durable objective responses in patients with melanoma and renal cell and non-small cell lung cancer (28) . Our present results indicate that ipilimumab in combination with sorafenib may be a treatment option for patients with advanced RCC. Alternatively, an anti-PD1 Ab can also be combined with other TKIs. Such a study is currently underway.
In the present study using cultured MDSCs and CD8 + lymphocytes, the proliferation of CD8 + lymphocytes was significantly suppressed by co-culture with MDSCs. Although only a slight effect was induced by either sorafenib or anti-CTLA-4 Ab alone when CD8 + lymphocytes were cultured without MDSCs, the proliferation of CD8 + lymphocytes co-cultured with MDSCs was significantly restored by combination use. This indicates that both sorafenib and anti-CTLA-4 Ab are indispensable for inhibiting the cell-cell interaction between MDSCs and CD8 + lymphocytes. In conclusion, using in vivo and in vitro preclinical studies, we demonstrated that sorafenib, a multi-kinase receptor inhibitor, enhances anticancer immunotherapy of anti-CTLA-4 Ab. Although immunotherapy using anti-CTLA-4 Ab is only approved for use in patients with melanoma, anti-CTLA-4 Ab in combination with sorafenib may be a treatment option for advanced RCC.
